A novel chloride intracellular channel (CLIC) gene, clone mc3s5/mtCLIC, has been identified from differential display analysis of differentiating mouse keratinocytes from p53؉/؉ and p53؊/؊ mice. The 4.2-kilobase pair cDNA contains an open reading frame of 762 base pairs encoding a 253-amino acid protein with two putative transmembrane domains. mc3s5/mtCLIC protein shares extensive homology with a family of intracellular organelle chloride channels but is the first shown to be differentially regulated. mc3s5/mtCLIC mRNA is expressed to the greatest extent in vivo in heart, lung, liver, kidney, and skin, with reduced levels in some organs from p53؊/؊ mice. mc3s5/mtCLIC mRNA and protein are higher in p53؉/؉ compared with p53؊/؊ basal keratinocytes in culture, and both increase in differentiating keratinocytes independent of genotype. Overexpression of p53 in keratinocytes induces mc3s5/mtCLIC mRNA and protein. Exogenous human recombinant tumor necrosis factor ␣ also up-regulates mc3s5/mtCLIC mRNA and protein in keratinocytes. Subcellular fractionation of keratinocytes indicates that both the green fluorescent protein-mc3s5 fusion protein and the endogenous mc3s5/mtCLIC are localized to the cytoplasm and mitochondria. Similarly, mc3s5/mtCLIC was localized to mitochondria and cytoplasmic fractions of rat liver homogenates. Furthermore, mc3s5/mtCLIC colocalized with cytochrome oxidase in keratinocyte mitochondria by immunofluorescence and was also detected in the cytoplasmic compartment. Sucrose gradient-purified mitochondria from rat liver confirmed this mitochondrial localization. This represents the first report of localization of a CLIC type chloride channel in mitochondria and the first indication that expression of an organellular chloride channel can be regulated by p53 and tumor necrosis factor ␣.
erts part of its biological function by activating or repressing the transcription of several target genes (2, 4, 5) . p53 is particularly important in the skin because it is frequently mutated in preneoplastic and neoplastic human skin lesions (6) , and loss of p53 enhances malignant progression of experimentally induced murine skin tumors (7) . In keratinocytes, p53-dependent transcriptional activity increases in association with terminal differentiation (8) . However, the skin of p53-deficient mice appears to be normal in vivo (9) , and the expression of differentiation markers by p53Ϫ/Ϫ keratinocytes in vitro cannot be distinguished from that of wild-type (8) . This implies that p53 is dispensable for normal skin development and differentiation. However, deletion of one or both p53 alleles enhances the establishment of immortal keratinocyte cell lines in vitro (10) , suggesting that p53 could participate in keratinocyte mortality in a more subtle way, not involving expression of the major differentiation-related markers. To detect such a contribution of p53 to keratinocyte differentiation or mortality, differential expression of mRNA sequences was examined in keratinocytes isolated from p53 wild-type and null mice and induced to differentiate by Ca 2ϩ in vitro, a condition known to increase p53-dependent transcriptional activity. In this report, we describe the cloning and characterization of a novel p53-regulated gene that we call mc3s5/mtCLIC. 1 Expression of this gene is up-regulated during keratinocyte maturation and in keratinocytes following treatment with TNF-␣. By sequence homology and subcellular localization studies, we found that mc3s5/mtCLIC is a chloride channel protein found in the cytoplasm and mitochondria.
EXPERIMENTAL PROCEDURES
Cell Culture-Keratinocytes were isolated from newborn Balb/c or p53ϩ/ϩ and p53Ϫ/Ϫ mice using established methods (11) . Primary keratinocytes were plated at a density of 3 ϫ 10 6 cells/60-mm dish, 7 ϫ 10 6 cells/100-mm dish, and 15 ϫ 10 6 cells/150-mm dish and maintained in Eagle's minimal essential medium without Ca 2ϩ (Bio-Whittaker, Walkersville, MD) containing 8% chelex-treated fetal bovine serum (Gemini, Bio-Products, Inc., Calabasas, CA), 0.05 mM Ca 2ϩ , and 20 units ml Ϫ1 of penicillin/streptomycin (Life Technologies, Inc.). Differentiation of the keratinocytes was achieved by increasing the extracellular concentration of Ca 2ϩ in the medium to Ͼ0.1 mM (11) . Transgenic newborn mice were genotyped as described previously (12) . The cell line SP1, derived from a chemically induced mouse skin papilloma (13) , was cultured in the medium described above. 293 cells were cultured in Dulbecco's modified Eagle's medium (Bio-Whittaker) containing 8% fetal bovine serum (Gemini) and 20 units ml Ϫ1 penicillin/streptomycin (Life Technologies, Inc.). The derivation of p53-null keratinocytes was * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. described previously (10) , and these were maintained in medium containing 16% fibroblast conditioned Eagle's minimal essential medium with 8% chelexed serum and 0.05 mM Ca 2ϩ . Primary mouse keratinocytes and cell lines were treated with human recombinant TNF-␣ (R&D Systems, Minneapolis, MN) at final concentrations ranging from 10 to 100 ng/ml for the times detailed.
The nucleotide sequence(s) reported in this paper has been submitted to the GenBank
Differential Display-To identify potential p53-regulated genes expressed in differentiating keratinocytes, primary cultures of p53ϩ/ϩ and p53Ϫ/Ϫ keratinocytes were cultured in 0.05 mM Ca 2ϩ medium for 5 days and then switched to 1.3 mM Ca 2ϩ for 12 h. Total RNA was isolated directly from keratinocyte cultures by Trizol extraction (Life Technologies, Inc.). Reverse transcription was done in four independent reactions using four different T12 primers: T12AC, T12AT, T12GA, and T12AG. The cDNA was amplified using 10-mer random primers (Operon Technologies, Alameda, CA). The amplified cDNAs were separated on a 6% polyacrylamide-urea denaturing DNA sequencing gel in Trisborate buffer at 80 W. Differentially expressed bands were recovered from the gel, reamplified, and cloned into the pCRII TA cloning vector (Invitrogen, Carlsbad, CA). Fragments were sequenced manually using the Sequenase kit (United States Biochemical, Cleveland, OH). GenBank TM comparison computations were performed at the National Center for Biotechnology Information using the Blastn program, a nucleotide sequence similarity search tool (14) .
cDNA Library Screening and 5Ј Rapid Amplification of cDNA Ends-A custom cDNA library was prepared by oligo(dT) priming of mRNA from mouse keratinocytes cultured in 0.05 mM Ca 2ϩ , followed by cloning in the Lambda Zap II vector (Stratagene, La Jolla, CA). Plating and screening of the library was performed as described by the manufacturer. Blotting of the membranes was carried out using 32 P-labeled clone mc3s5 excised with EcoRI digestion from the pCR II vector obtained from the differential display. 10 -15 of the strongest putative positive clones were cored from the plate and subjected to two more screenings. The Lambda Zap II vector contains the pBlueScript Vector, which contains the cDNA clone. Excision of the vector was done with the ExAssist helper phage; supernatants were then transformed into SOLR strain cells that are -resistant. Plasmid clones with fragments from 1.7 to 2.5 kb were isolated and sequenced on a Perkin-Elmer ABI Prism 377 DNA sequencer using the dye terminator DNA sequencing kit (PE Applied Biosystems, Foster City, CA) and custom primers (Bioserve Biotechnologies, Laurel, MD). Fragments were assembled using the Sequencher software package (Gene Codes Corp., Ann Arbor, MI). Gapped BLAST homology searches (14) in the DNA data bases were performed using the National Center for Biotechnology Information Web site.
The 5Ј end of the mRNA was cloned using the Marathon-Ready cDNA library (CLONTECH, Palo Alto, CA) from mouse embryo. The nested primer 5Ј-GCAGCGAACTGTGGAGTGAGACGAC-3Ј was used to obtain by polymerase chain reaction a 2-kb fragment containing part of the open reading frame (ORF). Fragments were cloned into the pCR2.1 TA cloning plasmid (Invitrogen). A second round of touchdown PCR using the cDNA library and the nested primer 5Ј-AAAGCGGAT-TCTCGGGGGATCG-3Ј was performed to obtain the complete ORF sequence and the 5Ј-untranslated region (UTR).
The 762-bp Open Reading Frame was digested from the pCR2.1 and cloned into the pEGFP-N1 and the pEGFP-C1 vectors (CLONTECH), and sequenced to confirm proper ligation in frame with the green fluorescent protein (GFP). This created GFP-mc3s5 (GFP-N-terminal linked) and mc3s5-GFP (GFP-C-terminal linked), which were used for transfection and localization studies.
Protein Translation in Vitro-Several clones containing the ORF, the 5Ј-UTR, and 100 bp of the 3Ј-UTR, were translated in vitro using the TNT-coupled reticulocyte lysate system (Promega, Madison, WI). Synthesis was performed using [ 35 S]methionine, and samples were analyzed in a 12% acrylamide gel. Bands were detected by autoradiography with X-Omat AR film (Eastman Kodak Co.).
Antibody Generation, Western Blotting, Immunohistochemistry, and Immunofluorescence-The protein encoded by the mc3s5 ORF was translated using MacVector (Oxford Molecular Group). Two peptides were designed to immunize rabbits, an N-terminal peptide (MALSMPLNGLKEEDKEP) and a C-terminal peptide (KEVEIAYSD-VAKRLTK). Peptides were synthesized and conjugated to keyhole limpet hemocyanin (Macromolecular Resources, Fort Collins, CO). New Zealand female rabbits (Hazleton Research Products, Denver, PA) were prescreened for antikeratin activity in preimmune serum, and negative animals were immunized with 2 mg of each conjugated peptide in Freund's complete adjuvant. Animals were boosted every 2 weeks with 1 mg of peptide in Freund's incomplete adjuvant until a good titer was achieved, at approximately 10 weeks. By Western blotting on extracts of keratinocytes overexpressing mc3s5-GFP fusion protein, a single band at a molecular mass of 28 kDa for the endogenous protein and a 57 kDa FIG. 1. General characteristics of mc3s5 mRNA. A, expression of mc3s5 mRNA in primary cultured keratinocytes from p53ϩ/ϩ and p53Ϫ/Ϫ mice. Keratinocytes were cultured in 0.05 mM Ca 2ϩ medium for 3 days and then maintained in that medium or switched to medium containing 1.3 mM Ca 2ϩ for 9 h to induce differentiation. Total RNA was isolated and Northern blots were probed with a 3Ј probe specific for mc3s5 or a full-length gapdh cDNA. Values were normalized to gapdh for quantitation. The results shown are representative of four independent experiments. B, nucleotide and deduced sequence of mc3s5 containing the ORF and 5Ј-UTR (full sequence available in GenBank TM , accession number AF102578). The 762-bp ORF encodes for a putative 253 amino acid protein. The two transmembrane domains are underlined. The Kozak sequence or ribosome binding sequence is located upstream of the first ATG in the 5Ј-UTR (boxed). * represents the stop codon. C, analysis of the sequence of the mc3s5 mRNA revealed the presence of two polyadenylation signals separated by 1.75 kb. To assess whether both sites were utilized in vivo, two probes were prepared, one upstream and one downstream of the first polyadenylation signal, and used in a Northern blot with mRNA from basal keratinocytes. The 5Ј probe detected two messages of 4.25 and 2.5 kb, corresponding to the sizes predicted from the cDNA sequence, but the longer message represented the predominant band.
for the fusion protein were identified. Competition with an excess of nonconjugated peptide eliminated these bands. Similar dilutions of preimmune serum were also used as a negative control, and no bands were detected.
Protein expression was analyzed by Western blot. 35 S-labeled unique band of 28 kDa that is consistent with the predicted size of the translated protein. C, Kyte and Doolittle hydrophobicity plots comparing the profile of mc3s5 to p64. Both proteins contain two putative transmembrane domains in the homologous region (arrows). The second transmembrane domain (white arrow) contains some hydrophilic amino acids that will presumably constitute the pore through which the chloride is transported.
the N terminus of mc3s5 was used at a 1:1000 dilution, and the Cterminal antibody was used at a 1:4000 dilution of rabbit serum. Goat anti-rabbit horseradish peroxidase conjugate (Bio-Rad) was used as a secondary antibody. Monoclonal antibodies directed to murine p53 protein were raised as culture supernatants from the mouse hybridoma cell line PAb122 (15) . For Western blot, a mixture of antibodies was used including FL-393 (Santa Cruz Biotechnology, Santa Cruz, CA), and PAb122 and PAb240 (NeoMarkers, Fremont, CA). p21/WAF1 polyclonal rabbit antibody was from Oncogene Research Products (Cambridge, MA). ␤-actin mouse polyclonal antibody was from Roche Molecular Biochemicals. SuperSignal chemiluminescent substrate (Pierce) was used to develop the blot.
The antiserum produced against the C-terminal peptide was used for immunofluorescent staining of cultured mouse keratinocytes. Cells on culture plates were fixed for 15 min in MeOH:acetic acid (1:1) and kept at Ϫ20°C until used. Cells were rehydrated with PBS and blocked with 20% normal goat serum for 20 min. The polyclonal monospecific serum against mc3s5 was diluted 1:2000 in 3% bovine serum albumin in PBS and added to the cells. Preimmune serum was used as control at the same dilution, and no staining was detected. Cells were incubated with the primary antibody overnight at 4°C in a humidified chamber, washed extensively with PBS, and overlaid with goat anti-rabbit antibody conjugated with fluorescein isothiocyanate (Vector Laboratories) at a 1:200 dilution. Secondary antibody was added for 1 h at room temperature. After washing with PBS and dH 2 O, coverslips were applied with mounting medium containing propidium iodine or 4,6-diamidino-2-phenylindole (Vector Laboratories). Staining was eliminated when the immune serum was competed with an excess of peptide.
For the colocalization experiments, cells were fixed in 2% paraformaldehyde, permeabilized in MeOH, and blocked with 100 mM glycine for 30 min. Cells were then incubated for 1 h with the polyclonal serum to mc3s5 at 1:2000 and the mouse monoclonal antibody to cytochrome oxidase (COX) at 5 g/ml (Molecular Probes, Eugene, OR) in 0.5% bovine serum albumin. After being washed extensively with PBS, cells were incubated for 1 h with goat anti-rabbit antibody conjugated with fluorescein isothiocyanate (Vector Laboratories) at a 1:200 dilution and anti-mouse antibody conjugated with tetramethylrhodamine isothiocyanate (Jackson ImmunoResearch, West Grove, PA) at a 1:300 dilution. After washing, coverslips were applied with mounting medium containing 4,6-diamidino-2-phenylindole (or propidium iodine (Vector Laboratories) in the case of preimmune serum) and examined by confocal microscopy.
Transfection and Confocal Microscopy-Transfection of the GFPmc3s5 fusion vectors into primary Balb/c keratinocytes and the 293 and SP1 cell lines was performed using LipofectAMINE Plus reagent (Life Technologies, Inc.). Briefly, SP1 cells were plated 2 days before transfection at a density of 3 ϫ 10 5 cells/60-mm dish, and primary cells were plated 2-3 days before transfection at 3 ϫ 10 6 cells/60-mm dish. Cells were transfected with 2 g of plasmid DNA per dish in serum-free medium that was replaced after 3 h with complete medium containing 0.05 mM Ca 2ϩ . Transfected cells were visualized with an inverted fluorescence microscope (Zeiss). Confocal microscopy on live cells was performed 12 h following transfection. MitoTracker staining (Molecular Probes) was performed in live keratinocytes and analyzed by confocal microscopy. Confocal fluorescent images of the overexpressing cells and the colocalization experiments were collected by Susan Garfield at the FIG. 3. Tissue distribution of mc3s5 expression and control of basal levels by p53. A, detection of mc3s5 mRNA in a CLONTECH multiple mouse tissue Northern blot using a 32 P-labeled 3Ј probe. Expression is higher in heart, lung, kidney, and liver. Strong skin expression was detected in a second collection of RNA from mouse tissues (left panel), in which the expression patterns obtained for the other tissues were similar to the CLONTECH blot. B, total RNA was extracted by the Trizol method from tissues of mice differing in their p53 status. 25 g were loaded, transferred to a nylon membrane, and hybridized with the 3Ј probe for mc3s5. Data presented are representative of three different Northern analyses.
FIG. 4. Induction of mc3s5 protein during calcium-induced differentiation of keratinocytes in culture.
A, primary keratinocytes from Balb/c mice were induced to differentiate by increasing the calcium concentration of the medium from 0.05 to 0.12, 0.5, or 1.4 mM to mimic the calcium gradient in the skin. Samples were collected at the time detailed, and protein was extracted and blotted. Protein was detected in Western blot using the polyclonal antibody prepared against the C-terminal mc3s5 peptide. Similar results were obtained with the N-terminal antibody. Values were normalized for loading using ␤-actin antibody. The experiment displayed here is representative of four independent cell preparations. B, induction of mc3s5 protein in differentiating keratinocytes is independent of p53 status. Primary keratinocytes from p53ϩ/ϩ and p53Ϫ/Ϫ littermates were induced to differentiate in vitro with increasing amounts of calcium in the medium. At the indicated time points, cell lysates were prepared, and immunoblotting was performed using the polyclonal sera prepared against both N-and C-terminal peptides in parallel blots. Quantitation was performed using ␤-actin blotting as loading control. The experiment was performed two additional times with similar results. Relative expression in differentiating cells compared with undifferentiated cells within each genotype is shown. FIG. 5 . Induction of mc3s5 mRNA and protein by overexpression of exogenous p53. A, primary keratinocytes were infected with AdWTp53 at an MOI of 10, 50, or 100pfu/cell for 6, 12, 18, and 24 h using cells infected with ␤-galactosidase adenovirus at 100pfu/cell for 24 h as control. Parallel dishes were used for total RNA and protein extraction combining attached and unattached cells. 30 g of total RNA were probed for mc3s5 and gapdh on Northern blots, and mc3s5 expression levels were normalized to gapdh by densitometry. mc3s5, p53, and p21 proteins were detected on Western blots by immunoblotting with specific antibodies sequentially. Blots were normalized for loading with a ␤-actin antibody and quantitated by densitometry. Data presented are representative of three independent experiments. B, parallel dishes of primary keratinocytes derived from p53-null mice were infected either with AdWTp53 at an MOI of 10 or 100 pfu/cell for 6, 12, and 24 h or with ␤-galactosidase adenovirus at 100 pfu/cell for 24 h as control. RNA and protein were quantitated as described in A.
p53-regulated Mitochondrial Chloride Channel

p53-regulated Mitochondrial Chloride Channel 36492
Confocal Core Facility of the Division of Basic Sciences (NCI, National Institutes of Health) with a Bio-Rad MRC 1024 confocal scan head mounted on a Nikon Optiphot microscope. Excitation was provided by a krypton-argon gas laser.
RNA Isolation and Northern Blot Hybridization-Total RNA was isolated from cultured cells or tissues by Trizol extraction. Multiple tissue Northern blots containing poly(A) ϩ RNA from mouse heart, brain, spleen, lung, liver, skeletal muscle, kidney, and testis were purchased from CLONTECH. Poly(A)ϩ RNA was isolated from cultured cells by digestion of cell lysates with proteinase K and binding to oligo(dT)-cellulose (Invitrogen). RNA was resolved by formaldehyde/ agarose gel electrophoresis and blotted as described previously (12) . A 300-bp cDNA fragment for mc3s5 was amplified from the pCR II vector using M13 amplification primers. The resulting amplified PCR band was isolated by the Gelase (EpiCentre Technologies, Madison, WI) procedure and constituted the 3Јprobe. A 400-bp probe was selected 2 kb from the 5Ј end, generated by PCR from a library clone with custom primers, and gel-purified (Qiagen, Santa Clarita, CA). The TNF-␣ probe was prepared from mouse keratinocyte total RNA using reverse transcription-PCR and specific primers spanning bases 59 -82 and 648 -624 of the TNF-␣ gene. The PCR amplified probes were isolated by the Gelase procedure. cDNA probes were radiolabeled with 32 P (Lofstrand, Gaithersburg, MD) and hybridized to the blots as described previously (12) . Bands were quantified using a PhosphorImager (Molecular Dynamics, Sunnyvale CA). Loading was normalized using a probe for gapdh or ␤-actin.
Adenovirus Infection-Adenovirus encoding wild-type p53 (AdWTp53) was a generous gift from Dr. Prem Seth (16) . ␤-Galactosidase adenovirus was a generous gift from Dr. Louwei Li. The adenoviruses were propagated in 293 cells and purified by two rounds of CsCl 2 density centrifugation (16) . Adenovirus titers were determined by plaque assay, and viruses were stored at Ϫ70°C. Cells were infected with adenoviruses for 30 min in serum-free medium containing polybrene (2.5 g/ml) at a multiplicity of infection (MOI) of 10:1, 50:1, and 100:1. Infection of ␤-galactosidase adenovirus was assessed by ␤-galactosidase staining of the cells (17) . Infection of keratinocytes with the AdWTp53 was assessed by immunocytochemistry with rabbit anti-p53 polyclonal serum (BioGenex, San Ramon, CA).
Subcellular Fractionation and Mitochondria Purification-Keratinocytes, transfected with the mc3s5-GFP and the GFP-mc3s5 fusion proteins, with GFP vector, and a truncated nonexpressing mc3s5-GFP clone, were harvested 24 h after transfection and subjected to cell fractionation (18) . Briefly, cells were gently scraped from the dish at 4°C with sucrose lysis buffer containing dithiothreitol, phenylmethylsulfonyl fluoride, leupeptin, and aprotinin and homogenized with a glass cell homogenizer. Unbroken cells were collected by centrifugation at 300 ϫ g. Nuclei were then pelleted at 750 ϫ g for 10 min, and the mitochondria pellet was collected by further centrifugation at 10,000 ϫ g for 30 min. Membrane and cytoplasmic fractions were separated by ultracentrifugation (Beckman) at 100,000 ϫ g for 1 h. All pellets were washed twice with lysis buffer to avoid contamination from the cytoplasmic fraction.
Mitochondria were purified from Fisher rat liver as described by Rickwood et al. (19) . Liver was homogenized, and crude nuclei and mitochondrial extracts were pelleted as described above. The pellets were washed several times with lysis buffer. Nuclei were pelleted at 80,000 ϫ g for 80 min at 4°C in 2.2 M sucrose, 1 mM MgCl 2 and collected at the bottom of the tube (20) . Crude mitochondria were resuspended in 2 ml of 0.8 M sucrose and loaded over an isopycnic sucrose density gradient from 1 to 2 M. Mitochondria were separated by ultracentrifugation for 2 h at 80,000 ϫ g at 5°C. Intact mitochondria could be detected as a brown band at about 1.19 g/ml. Twenty fractions of approximately 250 l were collected from the gradient through a hole in the bottom of the tube and were immediately frozen on liquid nitrogen. The amount of protein in each fraction was determined by Bradford assay (Bio-Rad). Cytochrome oxidase activity (21) was assayed on alternate fractions. Cytoplasmic and membrane fractions were obtained as described for keratinocytes. 30 g of protein from the liver crude extract, purified nuclei, crude mitochondria, cytoplasm, and membrane fractions were assayed for the presence of mc3s5 by Western blot.
RESULTS
Cloning and Nucleotide Sequence Analysis of Clone mc3s5 Reveals Homology to a TNF-␣-inducible Sequence and Chloride
Channel Proteins-Initial PCR differential display of differentiating p53ϩ/ϩ and p53Ϫ/Ϫ keratinocytes yielded 10 differentially expressed clones confirmed by Northern blotting. Of these, three presented higher expression in p53ϩ/ϩ cells and seven presented lower expression. On Blastn searches, one of the clones, named mc3s5, revealed a high homology with a 202-bp fragment induced by TNF-␣, M88757, that was obtained through a subtraction library of murine fibroblasts treated with TNF-␣ (22). mc3s5 mRNA is expressed in both p53ϩ/ϩ and p53Ϫ/Ϫ keratinocytes, but basal levels are 5-7
FIG. 6. Up-regulation of mc3s5 mRNA and protein following TNF-␣ treatment of cultured keratinocytes.
A, primary keratinocytes from Balb/c mice were grown in 0.05 mM Ca 2ϩ medium and treated for 6 h with human recombinant TNF-␣ at doses ranging from 10 to 100 ng/ml. 3 g of poly(A) mRNA per sample were analyzed, and Northern blots were probed for mc3s5 (3Ј probe) and for TNF-␣. Data are representative of two independent experiments. Densitometric analysis was normalized to gapdh. B, p53ϩ/ϩ primary keratinocytes (WT) and the p53Ϫ/Ϫ cell line NHK4 (NULL) were treated with human recombinant TNF-␣ for 14 h at the doses detailed. Western blots of cell lysates were probed with antibodies to mc3s5 and ␤-actin as a loading control. The blot shown is representative of three independent experiments. times higher in ϩ/ϩ cells (Fig. 1A) . In both cases, expression of the mRNA increased approximately 3 times when cells were induced to differentiate in 1.3 mM Ca 2ϩ medium for 9 h. The cDNA fragment obtained from the differential display was used to screen a murine keratinocyte cDNA library. Five clones obtained from the screening were sequenced and aligned, revealing a 2.5-kb fragment corresponding to the 3Ј end of the mRNA. The apparent size of mc3s5 mRNA by Northern blots is 4.25 kb. To obtain the 5Ј sequences we performed 5Ј rapid amplification of cDNA ends using the primers described under "Experimental Procedures." An ORF of 762 bp was localized, encoding a 253 amino acid protein. The nucleotide and deduced amino acid sequences of mc3s5 are shown in Fig. 1B . The mRNA contains a 5Ј-UTR sequence of 170 bases and a long 3Ј-UTR of 3.25 kb (GenBank TM accession number AF102578). The 5Ј-UTR contains the ribosome binding sequence or Kozak sequence immediately upstream of the AUG (23). The cDNA contains two possible polyadenylation consensus signals separated by 1.7 kb. A probe 5Ј to the first polyadenylation signal (5Ј probe) revealed two transcripts in proliferating keratinocytes of 2.5 and 4.25 kb (Fig. 1C) , the latter being more abundant. The presence of both mRNAs was confirmed in all mouse tissues tested (data not shown).
mc3s5 cDNA was similar to several reported sequences in the nonredundant GenBank TM /EMBL/DDBJ/Protein Data Bank data base. In addition to the TNF-␣-inducible sequence reported (96% homology), mc3s5 shares 85% homology over a stretch of 195 bp in the ORF of the bovine chloride channel p64 cDNA that extends over 6 kb (GenBank TM accession number L16547). It also shares 80% homology over 130 bp of the ORF of NCC27 (U93205), a human chloride channel with a cDNA of 1.7 kb, and 83% homology with exons 2 and 3 of another human chloride channel CLIC2 (AJ000218). The most similarities are with rat intracellular chloride ion channel p64H1 (AF104119) with 93% identity over 762 bp, and with two human channels: H1 chloride channel (AF097330) with 88% homology over 767 FIG. 7 . Subcellular localization of mc3s5 protein by confocal microscopy. A, SP1 keratinocytes were transiently transfected with plasmids containing GFP, GFP-mc3s5, or mc3s5-GFP constructs. Live cells maintained in PBS were examined by confocal microscopy. GFP protein was detected throughout the cell, whereas the fusion proteins were localized in the cytoplasm and in intracellular organelles. Expression of the fusion protein was confirmed by Western blot using anti-GFP antibody (not shown). B, cultured keratinocytes were fixed and immunostained with the polyclonal monospecific antiserum to mc3s5 C-terminal peptide and the monoclonal antibody to COX or with preimmune serum, as detailed under "Experimental Procedures." Binding was visualized with fluorescein isothiocyanate-conjugated secondary antibody for mc3s5 and tetramethylrhodamine isothiocyanate-conjugated secondary for COX, and coverslips were applied with a mounting medium containing 4,6-diamidino-2-phenylindole or propidium iodine for the preimmune serum. Samples were analyzed by confocal microscopy using the same settings in the laser for immune and preimmune.
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bp, and intracellular chloride channel p64H1 (AF109196) with 87% homology over 791 bp.
mc3s5 Protein Is Homologous to a Family of Chloride Channel Proteins-The protein encoded by the ORF also shared high similarity with the three chloride channel proteins present in the data base, bovine p64 (24), human NCC27 or CLIC1 (25, 26) , and CLIC2 (27) . All three proteins are members of a new family of CLICs (Fig. 2A) . The homology between mc3s5 and p64 is 73% at the C-terminal region, although p64 extends 184 more amino acids at its N terminus with a total length of 437 amino acids. NCC27/CLIC1, the human nuclear chloride channel, is 244 amino acids long, and it shares a 66% homology with mc3s5. CLIC2 was derived from a genomic clone on Xq28. The putative protein of 243 aa shares 65% homology with mc3s5. The newest member of this emerging family, CLIC3 (AAD16450), was recently identified through a yeast two-hybrid screen for proteins that interact with extracellular signalregulated kinase 7 kinase (28), a kinase involved in regulation of cell growth. Furthermore, mc3s5 shares 98% homology with the 253 residues of p64H1 (AF104119), a chloride channel protein present on endoplasmic reticulum in rat brain and shown to have outwardly rectifying anion channel activity (29) . mc3s5 differs from p64H1 in only 3 aa in positions 65 (Asp for His), 162 (Asp for Gly), and 174 (Phe for Ser), but these are nonconservative substitutions. Recently, the human homologue of p64H1 (also called CLIC4) was described by two independent groups (30, 31) . mc3s5 differs in 7 aa when compared with human p64H1 (30) and in 3 aa when compared with CLIC4 (31), suggesting that mc3s5 and p64H1/CLIC4 are the same protein in different species.
The translated mc3s5 has a predicted molecular mass of 27.8 kDa and a pI of 5.44. To confirm these data, several clones containing the ORF were transcribed-translated in vitro. All of them generated a protein of approximately 28 kDa (Fig. 2B) . The hydropathy profile (32) of mc3s5 closely resembles that of p64 in its C-terminal portion (Fig. 2C) . The protein contains a predicted transmembrane domain in ␣-helix between amino acids 41 and 57 identical to that in p64 between amino acids 223 to 239, which is also present in p64H1, NCC27/CLIC1, and CLIC2. A second potential hydrophobic stretch of amino acids is located between residues 184 and 202, but it is not predicted as a second ␣-helix transmembrane domain with conventional programs, probably because of the presence of several hydrophilic residues scattered within the helix. It is possible that this area provides a hydrophilic channel for passage of ions, as shown for the potassium two-transmembrane channel from Streptomyces lividans (33, 34) .
Analysis of mc3s5 for possible protein motifs (35) revealed one cAMP-dependent protein kinase phosphorylation site at the C terminus (aa 249), five PKC phosphorylation sites (aa 38, 108, 174, 175, and 236), seven CK2 phosphorylation sites (aa 27, 55, 132, 167, 185, 226, and 236), one tyrosine kinase phosphorylation site (aa 244), and two N-myristoylation sites (aa 49 and 143).
mc3s5 Expression Is Regulated by both p53 and TNF-␣-mc3s5 mRNA is present in all mouse tissues tested (Fig. 3A) , with higher expression in heart, skin, lung, liver, and kidney. The expressed sequence tag data base search indicates that mc3s5 mRNA can be detected in the 2-cell mouse embryo, as well as later stages of embryogenesis. In heart, lung, liver, and brain (Fig. 3B) , as well as skin (Fig. 1A) , expression is higher in p53ϩ/ϩ mice than p53Ϫ/Ϫ mice, ranging from 2.5-to 5-fold, but these differences were not seen in intestine, spleen, kidney, or testis. mc3s5 protein is induced in differentiating keratinocytes in vitro, independently of their p53 status, and is both time-and Ca 2ϩ concentration-dependent (Fig. 4) . Basal levels of mc3s5 protein are 1.5-2-fold higher in p53ϩ/ϩ compared with p53Ϫ/Ϫ primary keratinocytes.
The p53-dependent regulation of mc3s5 expression was confirmed in Balb/c mouse primary keratinocytes overexpressing human p53 introduced by an adenoviral vector (Fig. 5A) . A dose-dependent increase in mc3s5 mRNA was detected within FIG. 8 . Subcellular fractionation and localization of mc3s5 to mitochondria and cytoplasm. A, transfected SP1 keratinocytes were fractionated by differential centrifugation as described under "Experimental Procedures," and the fractions corresponding to cytoplasm, mitochondria, membranes, and nuclei were analyzed by Western blot using polyclonal serum to mc3s5 N-terminal peptide. Both the exogenous fusion protein GFP-mc3s5 (56 kDa) and the endogenous mc3s5 (28 kDa) could be detected. An unknown band of 17 kDa was also detected in the membrane fraction. A similar pattern was observed in subcellular fractions from primary Balb/c keratinocytes. Mock-transfected (mock) cells received the truncated nonexpressing plasmid. B, rat liver was homogenized and mitochondria isolated by differential centrifugation. The mitochondrial pellet was resuspended and further purified by an isopycnic sucrose density gradient yielding highly pure mitochondria. Fractions were tested for COX activity localizing the mitochondrial peak to fraction 12. 30 g of protein from fractions 7, 12, and 19 were subjected to Western blot analysis using 
p21/WAF1. The increase in mc3s5 mRNA is transient, returning to basal levels by 18 -24 h. Cells infected with 100 or 50 pfu/cell of AdWTp53 showed clear morphological signs of apoptosis (bubbling of cytoplasm) 24 h after infection, whereas cells infected with 10 pfu/cell showed enlargement of the nuclei consistent with growth arrest 24 h after infection (data not shown). Cells infected with the ␤-galactosidase adenovirus at 100pfu/cell did not show any signs of toxicity or morphological alterations when compared with noninfected controls. mc3s5 protein was also induced by overexpression of p53 and was sustained for at least 24 h at high viral titles (Fig. 5A) . When p53 was overexpressed in p53-null cells, mc3s5 mRNA was induced by 6-fold within 6 h after infection with 10 and 100 pfu/cell of AdWTp53, compared with the cells infected with 100 pfu/cell of ␤-galactosidase adenovirus (Fig. 5B) . p21/WAF1 protein was also clearly induced at 24 h at 10 pfu/cell and as early as 6 h at the higher MOI of AdWTp53.
To explore potential functional similarity to the TNF-␣-inducible homologue in GenBank TM , primary keratinocytes were treated with human recombinant TNF-␣. mc3s5 mRNA was elevated 1 h following treatment, reaching a peak of 3.5-fold at a dose of 40 ng/ml after 6 h, and remained elevated for 12 h (Fig. 6A and data not shown) . Induction of the endogenous mouse TNF-␣ mRNA was also detected (Fig. 6A) . TNF-␣ also increases mc3s5 protein about 2-4-fold within 14 -24 h after treatment with 40 and 80 ng/ml (Fig. 6B) . p53-null keratinocytes treated with identical doses of TNF-␣ also showed upregulation of mc3s5 protein that reached a 3-fold increase at 14 h at the higher dose of 80 ng/ml. This demonstrates that up-regulation of mc3s5 by TNF-␣ can occur in a p53-null background.
mc3s5 Is Localized to the Cytoplasm and MitochondriaFrom homology searches, mc3s5 belongs to a family of chloride channel proteins of cellular organelles. To determine the subcellular localization of mc3s5 in keratinocytes, GFP fusion constructs of mc3s5 or the GFP vector alone were transfected into primary keratinocytes or SP1 cells, a neoplastic keratinocyte cell line, and analyzed by confocal microscopy. In both cell types, GFP was distributed throughout the cell, whereas GFPmc3s5 or mc3s5-GFP was concentrated in perinuclear intracellular organelles but was also detected in cytoplasm and plasma membrane at sites of intercellular junctions (Fig. 7A) . Immunofluorescent analysis of nontransfected keratinocytes using mc3s5 polyclonal antiserum revealed a punctate distribution of endogenous mc3s5 similar to the distribution of mitochondria displayed with MitoTracker staining (data not shown). To confirm the putative mitochondrial localization of endogenous mc3s5 suggested by the MitoTracker staining pattern, double staining with monoclonal antibodies to COX and mc3s5 antibodies was performed. As shown in Fig. 7B , both antibodies produced similar punctate patterns using different fluorochromes, and when superimposed using confocal microscopy, COX (red) localizes with mc3s5 (green) 80 -95%, and mc3s5 localizes with COX 50 -65%. These values indicate that mc3s5 is distributed in the mitochondrial compartment and an additional cellular compartment consistent with the pattern seen with the GFP fusion constructs. To further confirm subcellular localization, cell fractionation was performed on SP1 cells and primary keratinocytes transfected with the GFP constructs, and the fractions were analyzed by Western blot using monospecific antibodies to either the C or N terminus of mc3s5. Fig.  8A shows that GFP-mc3s5 and mc3s5-GFP, as well as endogenous 28-kDa mc3s5, are found in cytoplasm and in the mitochondrial fraction of SP1 cells. A lower molecular mass band of about 17 kDa can be detected in membranes, but only when the N terminus polyclonal serum is used. This band could be a fragment of the mc3s5 protein, although the GFP fusion proteins do not appear to be cleaved. It may represent an alternative transcription-translation product of the mc3s5 gene, but this possibility has not been explored further. The association of mc3s5 with mitochondria was confirmed in sucrose gradientpurified rat liver mitochondria, where the mitochondrial peak in fraction 12, corresponding to the major activity of cytochrome oxidase, coelutes with mc3s5, as detected by Western blot (Fig. 8B) . Furthermore, when crude liver homogenate was fractionated and equal protein from each fraction was analyzed by Western blot, mc3s5 was detected in mitochondria and cytoplasmic compartments consistent with the localization in keratinocytes (Fig. 8B) . The lower molecular mass band seen with the N-terminal antibody in keratinocyte membranes was not detected in liver membranes.
DISCUSSION
mc3s5 Is a New Member of a Class of Highly Homologous
Voltage-gated Organelle Chloride Channel Proteins-By sequence homology, domain analogies, and subcellular localization, mc3s5 belongs to a novel class of chloride channel proteins that localize to subcellular organelles (CLICs). Chloride channels are involved in several crucial cell processes regulating cell volume, membrane potential, transepithelial transport, signal transduction, and acidification of organelles (36) . Of special interest is the association of CLIC3 with the mitogen-activated protein kinase extracellular signal-regulated kinase 7, which represents an additional potential function for intracellular chloride channels in regulation of cell growth (28) . Patch clamp studies indicate that members of this family are voltage-gated channel proteins. All five members of the CLIC family differ in subcellular localization. Bovine p64 is localized to the membrane of secretory vesicles (24, 37) . Human NCC27/CLIC1 and CLIC3 are located in nuclear membranes when overexpressed in Chinese hamster ovary cells and CV-1 cells, respectively (25) , but CLIC1 was also shown to localize in cytoplasm and small vesicles in PancI and HeLa cell lines and human macrophages (26) . mc3s5 appears to be the mouse homologue of rat p64H1, an outwardly rectifying chloride channel protein localized in endoplasmic reticulum in the mouse neuronal cell line HT-4 (29) . Recently, the human p64H1 was cloned (30, 31) and shown to be localized to large dense core vesicles in rat hippocampal neurons (30) and to the apical domain of proximal tubule cells and in a vesicular pattern in glomeruli and distal nephrons (31) . Together, the findings indicate that the CLIC family members may provide specialized functions in specific cell types by localizing in particular intracellular organelles.
All CLICs previously described increase chloride trafficking when overexpressed, either by forming new channels or by up-regulating the activity of channel forming proteins in cells. All the members of this family display a very similar domain structure, having two transmembrane domains of 15 and 19 aa each linked by a 126-aa sequence, and a C-terminal region of approximately 51 aa. However, they differ extensively in the composition and length of the N-terminal tail and at the very C terminus. Both of these areas are important in the proper subcellular localization of p64 (37) , in which the C terminus suppresses expression on the plasma membrane and the N terminus directs it to the proper compartment. The near identity of mc3s5 and the p64H1 subfamily at the DNA and protein level indicate that this is the mouse homologue of these CLIC proteins with proven chloride channel properties. Because of its localization, we propose to call it mtCLIC (mitochondrial CLIC).
This is the first chloride channel of the CLIC family to be localized to mitochondria as demonstrated by confocal imaging p53-regulated Mitochondrial Chloride Channelof GFP fusion proteins and immunofluorescence of endogenous mc3s5/mtCLIC. Furthermore, subcellular fractionation of cultured keratinocytes, liver homogenates, and sucrose gradient purification of mitochondria from rat liver confirmed the mitochondrial localization. mc3s5/mtCLIC can also be detected in the cytoplasmic fraction of keratinocytes and liver homogenates. Whether the cytoplasmic localization indicates a function in that compartment or newly synthesized protein waiting to be sorted is not known. The presence of a putative membrane protein in the cytoplasmic fraction is not unique to mc3s5/ mtCLIC, as Tulk and Edwards (26) have shown for NCC27/ CLIC1. Analysis of amino acid sequence of mc3s5/mtCLIC through PSORT and through MitoProt II failed to disclose the presence of an internal or terminal mitochondrial localization signal but predicted a high probability for localizing in mitochondria and cytoplasm (the probability of being in either of the two compartments was the same). In this respect, mc3s5/mt-CLIC is similar to proteins of the Bax/bcl-2 family that also have dual cytoplasmic and mitochondrial locations (38, 39) but lack a mitochondrial localization signal (with the exception of bcl-xl, which contains the target signal). Functional studies indicate that the CLIC family of channels is involved in control of transmembrane potential, ionic concentration, and pH control in the intracellular organelles (40) . Expression of mc3s5/ mtCLIC has been detected in all organs tested, and searches in the expressed sequence tag data base show expression in the two-cell embryo that is sustained throughout development. These data suggest that mc3s5/mtCLIC is an essential gene in mammalian cells. In addition, mc3s5/mtCLIC is the first member of the CLIC family for which the transcriptional regulation has been documented and shown to be modulated by effectors of stress, such as p53 and TNF-␣, and also by the state of tissue differentiation. However, mc3s5/mtCLIC also has a number of potential sites for posttranslational modifications and several transcript sizes, suggesting that regulation of the protein is also complex.
mc3s5/mtCLIC Provides a Potential Downstream Link for the TNF-␣ and p53
Pathways-The initial screen indicating that mc3s5/mtCLIC was homologous to a TNF-␣-inducible sequence in mouse fibroblasts (22) was supported in keratinocytes, in which a 3.5-fold induction of the mc3s5/mtCLIC transcript and a 4-fold induction of the mc3s5/mtCLIC protein were detected after exposure to human recombinant TNF-␣. A potential common downstream pathway for p53 and TNF-␣ in keratinocytes is particularly intriguing because both pathways are activated by UV light, and both can mediate UV-induced apoptosis in keratinocytes (41, 42) . Previously, interactions of these two pathways have been documented. p53 was induced during apoptosis mediated by TNF-␣ in U987 cells (43) and in MCF-7 cells (44); in both cases, the presence of wild-type p53 was shown to be essential for the cytotoxic action of TNF-␣. In ME-180 cells, TNF-␣ induced apoptosis leads to a rapid accumulation of p53 protein with no induction of p21/WAF1 (45) . In addition, one of the PIG genes, PIG7, was homologous to a DNA fragment in the data base that was shown to be induced by TNF-␣ (4). Furthermore Wu and Lozano (46) demonstrated the presence of a NFB consensus site within the p53 promoter that induced transcription of p53 mRNA after TNF-␣ treatment in HeLa cells. Although expression of mc3s5/mtCLIC can be induced by TNF-␣ in p53-null keratinocytes, the convergence of these two pathways as a potential effector of apoptosis has significant implications for ultraviolet light-mediated skin carcinogenesis. Induction of both p53 and TNF-␣ after UV exposure could represent an additive effect to superinduce mc3s5/mtCLIC, leading to a rapid apoptotic death of damaged cells. Studies to test this possibility are in progress.
